Abstract Cisplatin is commonly used against several solid tumors, and oxaliplatin is an effective cytotoxic drug used in colorectal cancer. A major clinical issue affecting 10-40 % of patients treated with cisplatin or oxaliplatin is severe peripheral neuropathy causing sensory, motor, and autonomic dysfunction, with symptoms including cold sensitivity and neuropathic pain. The biochemical basis of the neurotoxicity is uncertain, but is associated with oxidative stress. Curcumin (a natural phenolic yellow pigment) has strong antioxidant, anticancer, and anti-inflammatory actions. Here we report the possible protective effect of curcumin on some cisplatin-and oxaliplatin-induced behavioral, biochemical, and histopathological alterations in rats. Twenty-four hours after the end of treatments some motor and behavioral tests (motor activity, thermal and mechanical nociception, and neuromuscular coordination) were conducted, followed by measuring plasma neurotensin platinum concentration in the sciatic nerve, and studying the histopathology of the sciatic nerve. Oxaliplatin (4 mg/kg) and cisplatin (2 mg/kg) [each given twice weekly, in a total of nine intraperitoneal injections over 4.5 weeks] significantly increased plasma neurotensin concentration, caused specific damage in the histology of the sciatic nerve and produced variable effects in the motor and behavioral tests. Oral curcumin (10 mg/kg, 4 days before the platinum drug, and thereafter, concomitantly with it for 4.5 weeks) reversed the alterations in the plasma neurotensin and sciatic nerve platinum concentrations, and markedly improved sciatic nerve histology in the platinum-treated rats. Larger experiments using a wider dose range of oxaliplatin, cisplatin, and curcumin are required to fully elucidate the possible protective role of curcumin in platinum-induced neurotoxicity.
Introduction
Cisplatin is a platinum-based chemotherapeutic agent that is commonly used against various solid tumors in the ovary, testis, and colon. Oxaliplatin is a diaminocyclohexane carrier-ligand platinum compound introduced during the 1990s. It is a third-generation organoplatinum compound with significant activity against solid tumors, and especially metastatic colorectal cancer (the second in cancer-related deaths in the USA) [1, 2] . Oxaliplatin-based chemotherapy protocols, particularly oxaliplatin in combination with infusional 5 fluorouracil/leucovorin (FOLFOX or FUFOX), have emerged as the standard of care in first-and secondline therapy of advanced-stage colorectal cancer [3] .
Although oxaliplatin has a better safety profile than cisplatin, the use of both drugs is associated with neurotoxicity, targeting dorsal root ganglia (DRG) [4] [5] [6] [7] . In a recent review and meta-analysis, it has been confirmed that oxaliplatin has a small but significant survival benefit over cisplatin in patients with gastric cancer, and causes lesser toxicity [8] . Thirty percent of patients treated with cisplatin develop a peripheral neuropathy, and 20 % of them are forced to stop treatment [9] . The profile of oxaliplatin-induced neurotoxicity differs from those of other platinum compounds in having an acute peripheral sensory and motor toxicity with initial symptoms of either paraesthesia or cold-related dysesthesia. Oxaliplatin is the major active platinum complex detected in plasma ultrafiltrate of treated patients, and the plasma biotransformation products of oxaliplatin are unlikely to contribute to its efficacy or toxicity [10] . The mechanism(s) of platinum compounds neurotoxicity is not fully understood [5] . Among the several hypothesis proposed to explain the neurotoxicity, DRG oxidative stress can be an important mechanism and, possibly, a therapeutic target to limit the severity of platinum-induced peripheral neurotoxicity but preserving the anticancer effectiveness [11, 12] .
Several agents have been used in an attempt to either ameliorate or prevent oxaliplatin neurotoxicity [13] [14] [15] . The polyphenolic non-flavon compound curcumin (diferuloylmethane, isolated from the turmeric plant, Curcuma longa) is a well-known and commonly used oriental spice utilized for food color and flavor; it is also used in Asian and African traditional medicine to treat several mild or moderate human diseases such as affections of the skin, pulmonary, and gastrointestinal systems; aches; wounds; sprains; and liver disorders [16, 17] . In recent years, a growing body of evidence has unraveled the strong antioxidant, antiinflammatory, anticancer, and other activities of curcumin based on the ability of this compound to regulate a number of cellular signal transduction pathways [18] [19] [20] .
As far as we are aware, the effect of curcumin against the neurotoxicity of the anticancer platinum compounds has not been reported, although the neuroprotective action of curcumin has been shown in other conditions, such as stroke [21] and homocysteine-induced cognitive impairment [22] . In the present work, we have looked at the possible neuroprotective action of curcumin against oxaliplatin and cisplatin neurotoxicity in rats using some behavioral, biochemical, and histopathological methods. In this work, we measured neurotensin in plasma, although it has not been specifically shown before as a direct consequence of platinum toxicity, although it is known to be elevated in other neuropathic conditions [23] .
Materials and Methods
Animals Male Wistar rats weighing initially about 175 g were housed (three rats per cage and six rats per treatment) in standard laboratory conditions (20-23°C, relative humidity of about 60 %, and with a light-dark cycle of 12:12 h; lights on at 0600 hours) with ad libitum access to food (Oman Flour Mills, Muscat, Oman) and tap water for at least 1 week before the experiments. The behavioral and histopathological studies were conducted in a blind fashion with respect to the treatment given.
This project was reviewed and approved by the Treatments Rats were randomly divided into five groups (six rats in each group) and treated as follows:
Injected intraperitoneally (i.p.) with glucose solution (5 %, w/v) at a dose of 1 ml/kg twice weekly (a total of nine injections in 4.5 weeks), together with distilled water, given by gavage (inserting a small-diameter tube into the esophagus, and delivering the solution directly into the stomach by means of a syringe), at a daily dose of 1 ml/kg, given 4 days prior to the glucose, and thereafter, concomitantly with the drug for 4.5 weeks. Group 2: Injected i.p. with oxaliplatin (4 mg/kg) twice weekly (a total of nine injections in 4.5 weeks), together with orally administered distilled water, as in group 1. Group 3: Injected with oxaliplatin as in group 2, but replacing water with curcumin, suspended in distilled water, given orally (as in group 1) at a dose of 10 mg/kg, 4 days prior to the platinum drug, and, thereafter, concomitantly with the drug for 4.5 weeks. Group 4: Injected i.p. with cisplatin (2 mg/kg) twice weekly (a total of nine injections in 4.5 weeks), together with orally administered distilled water, as in group 1. Group 5: Injected with cisplatin as in group 4, but replacing water with curcumin (10 mg/kg), as in group 3. Group 6: Injected intraperitoneally (i.p.) with glucose solution (5 %, w/v) at a dose of 1 ml/kg twice weekly (a total of nine injections in 4.5 weeks) with curcumin, as in group 3.
The cumulative dose of oxaliplatin was 36 mg/kg in groups 2 and 3, while that of cisplatin it was 48 mg/kg in groups 4 and 5. The choice of doses was based on previously published works [24, 6] .
Immediately after the end of the last behavioral test, rats were anesthetized with intraperitoneal injection of ketamine (75 mg/kg) and xylazine (5 mg/kg), and blood (3 mL) collected from the anterior vena cava was placed into heparinized tubes. The blood was centrifuged at 900×g at 4°C for 15 min. The plasma obtained was stored frozen at −80°C pending analysis. The rats were then euthanized with an overdose of ketamine.
Motor and Behavioral Methods The motor and behavioral experiments used were carried out by the same worker (A. A.) to minimize variation, and the methods used included the following:
1. Motor activity: Locomotor (ambulatory) and behavioral (total) activity was measured using a computerized animal activity meter (Ugo Basil, Milan, Italy), as described recently [25] . 2. Locomotor coordination: Impairment of neuromuscular coordination was measured in control and treated rats as the time that they stayed on a rotarod treadmill (Ugo Basil, Milan, Italy), as described before [25] . The interval between the animal mounting the rod and falling off was recorded by means of a built-in timer; this was considered as the performance time. 3. Cold water tail flick test: The latency to flick the tail in cold water was used as an antinociceptive index, according to a standard procedure described by Pizziketti et al [26] . 4. Paw pressure test: Mechanical (static) nociceptive threshold as an index of mechano-hyperalgesia was assessed by a pressure stimulation method using an analgesy-meter (Ugo Basil, Milan, Italy). Mechanical pressure was applied to the rat's paw, which was placed on a small plinth under a cone-shaped pusher with a rounded tip, and when the rat struggled, the operator released the pedal and read from the scale the force at which the animal felt pain. 5. Tail flick: Thermal nociceptive threshold was measured in rats using the tail flick test and equipment from Ugo Basil (Milan, Italy). The tail flick test measures automatically the nociceptive threshold to infrared heat stimulus on the rat tail. The operator starts the stimulus and when the animal feels pain and flicks its tail, a sensor detects it, stops the timer and switches off the bulb.
Biochemical Measurements
The concentration of neurotensin in the plasma was measured (by a biomedical scientist unaware of the treatments) by an ELISA kit (Phoenix Pharmaceutical, Inc, Burlingame, USA), following the manufacturer's instructions. The left sciatic nerve was dissected out from each rat sacrificed, snap frozen in liquid nitrogen, and stored at −80°C pending analysis. The platinum concentration was measured in the sciatic nerve by inductively coupled plasma mass spectrometry, as previously described for the kidneys of rats treated with cisplatin [27] .
Histological Methods As described before by Cavaletti et al, [28] , the right sciatic nerve was excised, washed with ice-cold saline, blotted with filter paper, and weighed. Each nerve was then casseted and fixed directly in 10 % neutral formalin for 24 h. This was followed by dehydration in increasing concentrations of ethanol, clearing with xylene, and embedding into paraffin. Four-micrometer sections were prepared from paraffin blocks and stained with haematoxylin and eosin (H&E). Sections were incubated at 60°C overnight with a 0.1 % solution of luxol fast blue (LFB) dissolved in 95 % ethanol. Sections were differentiated by 0.05 % lithium carbonate solution. The sections were counter stained with 0.1 % cresyl violet solution for 30 s before they were finally dehydrated and mounted. The stained sections were evaluated in a blinded fashion by a histopathologist (S.S.), using light microscopy.
Evaluation of Demyelination Areas
The lesion areas (demyelination area) were calculated by dividing the mean surface area of demyelination areas, defined by absence of luxol fast blue staining of myelin, to the mean total surface area of the nerve fibers, expressed as a percentage. Surface areas were measured using ImageJ software (INH, USA).
Drugs and Chemicals
Oxaliplatin was gifted by SanofiAventis (France). Cisplatin was bought from Ebewe (Pharma, Unterach, Austria). All other chemicals used were purchased from Sigma-Aldrich, Inc. (St. Louis, MO, USA).
Statistical Analysis Values reported are expressed as mean+ SEM and were analyzed by one-way analysis of variance followed by Tukey's multiple comparison tests (Graphpad Prism version 4.03, San Diego, CA, USA). A probability level of P<0.05 was considered as statistically significant.
Results
General Toxicity General toxicity of all rats was monitored (by the same worker to avoid possible variation) by daily observation, and body weight changes were measured once weekly. The treatment-induced changes in body weight are shown in Fig. 1 .
Effect of Platinum Compounds (With or Without Curcumin) on Some Motor and Behavioral Tests
The motor and behavioral tests conducted revealed that the treatments administered resulted in variable effects that were not statistically significant (results not shown). Although cisplatin-or oxaplatin-treated animals appeared weaker and less active than control animals, there was no measurable effect on mortality or behavioral outcomes.
Effect of Platinum Compounds (With or Without Curcumin) on Neurotensin Both cisplatin and oxaliplatin treatments significantly increased the plasma concentration of neurotensin by about 59-64 %, compared with the glucose-treated controls. Curcumin alone did not significantly change the neurotensin concentration. Coadministration of curcumin with either of the two platinum drugs significantly blunted the rise in the neurotensin concentration ( Table 1) .
Effect of Oxaliplatin and Cisplatin (With or Without Curcumin) on Platinum Concentration in Sciatic Nerve
Platinum was not detectable in specimens from the control and curcumin-treated rats (Table 2) . Treatment with oxaliplatin and cisplatin together with curcumin insignificantly decreased the platinum concentration by about 9 % (oxaliplatin) and 8 % (cisplatin).
Effect of Platinum
Compounds (With or Without Curcumin) on Sciatic Nerve Histology
Cisplatin experiment
The control glucose-treated group showed normal myelinated fibers and no evidence of demyelination ( Fig. 2A, Table 3 ). LFB stain showed normal deep blue staining of the myelin sheath with normal round contours of the myelinated fibers and no evidence of demyelination (Fig. 2B) .
The cisplatin-treated group showed focal areas of demyelination and degeneration of the nerve fibers (arrows) (Fig. 2C) . LFB stain clearly demonstrated areas of demyelination (arrows) having light blue staining and reduction in the nerve fiber caliber compared with the normal deep blue staining in normal fibers (Fig. 2D ). In addition, LFB demonstrated degenerated nerve fibers (Fig. 2D) .
The curcumin-treated group showed normal appearance of myelinated nerve fibers (Fig. 2E ) and no evidence of demyelination (Table 3) . LFB stain showed deep blue staining of the myelin sheath (Fig. 1f) and no evidence of demyelination.
The cisplatin + curcumin-treated group showed a marked decrease in demyelination (arrows, Fig. 2G , Table 1 ). LFB stain clearly demonstrated a marked decrease of demyelination (arrows) having light blue staining compared with the normal deep blue staining in normal fibers (Fig. 2H) . Fig. 1 The percentage body increase over the period of study (4.5 weeks) in rats treated with glucose (1 ml/kg, twice weekly; a total of nine injections in 4.5 weeks), curcumin (10 mg/kg, given orally 4 days prior to the platinum drug, and thereafter, concomitantly with the drug for 4.5 weeks), cisplatin (2 mg/kg, twice weekly; a total of nine injections in 4.5 weeks), oxaliplatin (4 mg/kg, twice weekly; a total of nine injections in 4.5 weeks), and cisplatin + curcumin and oxaliplatin + curcumin, at the above doses. Each column and vertical bar depict mean±SEM (n06 rats). Growth in the control group was significantly higher than in the rest of the groups (among which there was no significant difference in body weight increase) 
Oxaliplatin experiment
The control glucose-treated group showed normal myelinated fibers and no evidence of demyelination (Fig. 3A , Table 1 ). LFB stain showed normal deep blue staining of the myelin sheath with normal round contours of the myelinated fibers and no evidence of demyelination (Fig. 3B) .
The oxaliplatin-treated group showed focal areas of demyelination and degeneration of the nerve fibers (thick arrows, Fig. 3C , Table 3 ). Areas of mononuclear inflammatory cells infiltration are noticed (thin arrow). LFB stain clearly demonstrated the areas of demyelination (thick arrows) which have light blue staining compared with the normal deep blue staining in normal fibers (Fig. 3D) . In Fig. 2 Representative photographs of sections of the sciatic nerve of rats treated with glucose (A and B), cisplatin (C and D), curcumin (E and F), and cisplatin + curcumin (G and H), as follows: A control glucose-treated group shows normal myelinated nerve fibers, (H&E stain). B Control glucose-treated group shows deep blue staining of normal myelin sheath (LFB stain). C Cisplatin-treated group shows focal areas of demyelination and degeneration of the nerve fibers (thick arrows). Areas of infiltration with mononuclear inflammatory cells were also noticed (thin arrows) (H&E stain). D Cisplatin-treated group demonstrates areas of demyelination (thick arrows), which have light blue staining compared with the normal deep blue staining in normal fibers, and decrease in the caliber of nerve fibers. Foci of axonal degeneration were also seen (thin arrows) (LFB stain). E Curcumin-treated group shows normal appearance of myelinated nerve fibers (H&E stain). F Curcumin-treated group shows normal deep blue staining of the myelin sheath (LFB stain). G Cisplatin + curcumin-treated group shows marked decrease in the demyelination (arrows) (H&E stain). H Cisplatin + curcumin-treated group demonstrates a marked decrease of demyelination (arrows), which have light blue staining compared with the normal deep blue staining in normal fibers (LFB stain) addition, LFB demonstrated degenerated nerve fibers (thin arrows; Fig. 3D ).
The curcumin-treated group showed normal appearance of myelinated nerve fibers (Fig. 3E ) and no evidence of demyelination (Table 3) . LFB stain showed deep blue staining of the myelin sheath (Fig. 3F ) and no evidence of demyelination.
The oxaliplatin + curcumin-treated group showed marked decrease in demyelination (arrows; Fig. 3G ). LFB stain clearly demonstrated a marked decrease of demyelination (arrows) having light blue staining compared with the normal deep blue staining in normal fibers (Fig. 3H) . Table 3 describes a semi-quantitative analysis of sciatic nerve histology in the different groups.
Discussion
Cisplatin or oxaliplatin treatment did not result in any mortality. Others (e.g., [24] ) have reported a significant drop in body weight and bloating in oxaliplatin-treated rats. Only males were used here, because of the reported sex difference in the susceptibility of rats to cisplatin-induced neurotoxicity, with male rats showing more weight loss, prolonged heat latency, and slower motor nerve conduction velocity (MNCV), and females showing more sensitivity to some specific histological changes [29] .
In this work, we attempted to test the possible protective effect of curcumin on some neurotoxic actions of oxaliplatin and cisplatin in rats. As far as we are aware, such an attempt has not been made before. However, it has recently been shown that curcumin can enhance oxaliplatin antiproliferative effect in models of oxaliplatin resistance in vitro, and significantly improve the drug's in vivo efficacy, without affecting its mode of action [30] . As the mechanism of platinum analoginduced neurotoxicity involves oxidative stress and mitochondrial dysfunction as the trigger of neuronal apoptosis [31] , and curcumin has anti-inflammatory, antiapoptotic, and antioxidant properties in vivo and in vitro [32, 33, 17, 34] , it was thought of interest to see if coadministration of curcumin with platinum compounds would either mitigate or prevent some of their neurotoxic actions. The present studies indicated that cisplatin and oxaliplatin induced a more or less similar degree of neurotoxicity in rats, and that the improvement in the histopathology of the sciatic nerve (involving staining with H&E and LFB) were the clearest evidence of an ameliorative effect of curcumin in animals treated with either platinum drug. The pathological damage induced by cisplatin and oxaliplatin were overall not very extensive, and this has been reported before [35] , and concomitant treatment with curcumin reduced the severity of these changes.
It is known that the primary mechanism of neurotoxicity with cisplatin and oxaliplatin is similar [31] , although cisplatin (2 mg/kg) has been shown to be more neurotoxic than oxaliplatin (4 mg/kg) due to higher retention of platinum by the DRG [6] . The results of the behavioral and biochemical parameters of the effect of curcumin on platinum compound neurotoxicities were less clear. In particular, the motor behavioral experiments conducted in this work did not reveal a clear effect for curcumin on the measured parameters. The reasons for this are not known, but may be related to the limited number of rats available in each group (n06), the inadequacy of the curcumin dose used (10 mg/kg, orally), or to other unknown factors. In a recent work, Ataie et al. [22] reported that curcumin (5 or 50 mg/kg, intraperitoneally) did not significantly affect motor activity, but improves behavioral tests of memory in rats. On the other hand, Kumar et al. [36] reported that daily oral administration of curcumin (10, 20 , and 50 mg/kg) for 8 days dose-dependently improved 3-NP-induced motor and cognitive impairment (Fig. 3) .
The apparent (and statistically insignificant) decrease in the weight of rats treated with cisplatin and oxaliplatin was insignificantly antagonized by curcumin.
In this study, we measured the concentration of the 13-amino acid peptide neurotensin in the plasma, as a possible marker of peripheral neuropathy. Neurotensin is found in the gastrointestinal tract and also in different parts of the central nervous system, where blockade of some of its specific receptors has been identified as a target for possible drugs for use in the treatment of chronic pain, cancer, and other diseases, such as schizophrenia [37] .
We are not aware of any other study in which neurotensin has been measured in rats with platinum drug-induced neurotoxicity. Although the specific association between neurotensin plasma and platinum neurotoxicity is not certain, neurotensin has been shown to be affected in cases of several models of neuropathy, such as in alcoholic rats [38] and several other physiological and pathological conditions [37] . The possible use of neurotensin as a possible biomarker in the neurotoxicity of platinum drugs, as has been shown in this work, should be investigated further. The platinum concentrations in the sciatic nerve of cisplatin-and oxaliplatin-treated rats were not significantly different from each other, and were only slightly and insignificantly decreased by curcumin treatment. This may suggest that, if curcumin is to be administered as an added anticancer therapy and a neuroprotective agent, concomitant treatment of platinum compounds and curcumin may not decrease the therapeutic effectiveness of these platinum drugs.
Although this study has provided incomplete evidence for a possible neuroprotective action for curcumin in rats, the anticancer effect of the drug, in addition to its protective action against cisplatin nephrotoxicity [39] , makes it an attractive agent for further study, and possibly future therapeutic applications in humans.
To obtain more conclusive conclusions on the effect of curcumin on platinum drug neurotoxicity, more extensive Fig. 3 Representative photographs of sections of the sciatic nerve of rats treated with glucose (A and B), oxaliplatin (C and D), curcumin (E and F), and oxaliplatin + curcumin (G and H) as follows: A control glucose-treated group shows normal myelinated nerve fibers (H&E stain). B Control glucose-treated group shows deep blue staining of normal myelin sheath (LFB stain). C Oxaliplatin-treated group shows focal areas of demyelination and degeneration of the nerve fibers (thick arrows). Areas of infiltration with mononuclear inflammatory cells were also noticed (thin arrows) (H&E stain). D Oxaliplatin-treated group demonstrates areas of demyelination (thick arrows), which have light blue staining compared with the normal deep blue staining in normal fibers, and decrease in the caliber of nerve fibers. Foci of axonal degeneration were also seen (thin arrows) (LFB stain). E Curcumin-treated group shows normal appearance of myelinated nerve fibers (H&E stain). F Curcumintreated group shows normal deep blue staining of the myelin sheath (LFB stain). G Oxaliplatin + curcumin-treated group shows marked decrease in the demyelination (arrows) (H&E stain). H Oxaliplatin + curcumin-treated group demonstrates a marked decrease of demyelination (arrows), which have light blue staining compared with the normal deep blue staining in normal fibers (LFB stain) work is warranted with larger number of rats and a wider range of drug doses, and using more elaborate and/or noninvasive techniques, such as electron microscopy of the sciatic nerve and DRG, and tail nerve neurophysiological evaluation by measuring the MNCV. Another approach is the replacement of the "traditional" cisplatin formulation with a newer "liposomal" formulation that has been claimed to be less neurotoxic in rats [35] .
